We investigated interspecific isolating mechanisms and population genetic structure for 19 wild populations of Lilium longiflorum and eight of L. formosanum endemic to the Ryukyu Archipelago and Taiwan. Field observation, artificial interpopulation crosses and isozyme analysis were used. Interspecific isolation was never established by island separation, but it was highly likely by habitat differentiation. There appeared to be additional effects by the unilateral cross incompatibility and isolation in the flowering season. There were significant positive correlation between genetic and geographic distance among populations (r=0.791; p<0.001). Degrees of allozyme variability and divergence at the species level in L. longiflorum were definitely higher than those of L. formosanum. They were extremely high as an insular endemic species. Depauperation of genetic diversity in L. longiflorum populations was associated with islands with lower altitude . This reflects severe bottlenecks by large or complete submergence of such low islands during archipelago development or population rebirth by secondary migration from adjacent islands exempted from large submergence. Combined with historical geography in the archipelago, our investigations suggest that 1) L. formosanum was derived from southern peripheral populations of L. longiflorum by ecological and reproductive isolation, presumably around the late Pleistocene when the mainland of Taiwan was completely separated from the adjacent islands and the continent; and 2) L. longiflorum is an old species in continental islands established around the end of the Pliocene when the current distribution area had been a continuous part of the ancient Asian continent.
INTRODUCTION
Lilium longiflorum Thunberg and L. formosanum Wallace are bulbous plants of Liliaceae and are important for world horticulture (Miller, 1993; Okazaki, 1996 , McRae, 1998 . Both species are taxonomically classified into the subgenus and the s ection Leucolirion by Wilson (1925) and Comber (1949) , respectively, and their interspecific hybrid cultivars, L. x formolongi imply that the two species are genetically close.
Geographic distribution of L. longiflorum is from the northernmost islands of the Ryukyu Archipelago, a southwestern region of Japan, to the mainland seacoast and small islands in the eastern part of Taiwan (Wilson, 1925; Shimizu, 1987) , exhibiting disjunct distribution like arc-arrayed steppingstones. L. formosanum is distributed solely, but widely, in the mainland of Taiwan (Wilson, 1925; Shii, 1983) . Combined distribution of the two species, covers the whole archipelago across relatively many islands with about a 1300km range.
We performed field observations, inter-population c rosses and isozyme analysis for natural populations of L. longiflorum and L. formosanum to reveal the isolating mechanisms between the two species, and tempo and mode of establishment for them. We also showed their specific genetic properties as insular plant taxa.
MATERIALS AND METHODS

Study Sites and Field Observation
Nineteen and eight natural populations of L. longiflorum and L. formosanum, respectively, were used, which cover almost their entire native distribution (Fig. 1) . Approximate vegetative environment of each population was judged according to Grime's (1977) C-R-S model. Flowering time in natural populations was estimated by information from individuals living near the study sites, unless flowering had been observed during our investigations.
Inter-Population Crosses
Reciprocal inter-population crosses were artificially carried out with four experimental populations established from mixed seeds from different study sites. They were: Kume Shima (KU) and a northeastern population of the mainland of Taiwan (TA) for L. longiflorum and two populations for L. formosanum. Before anthesis, buds were covered with paper bags, then fresh pollen for crossing was obtained at anthesis. Flowers were emasculated one to three days before and pollinated during anthesis. Pollinated stigmas were covered with aluminium foil.
Isozyme Electrophoresis
Plant materials for enzyme analysis were grown in a greenhouse from air-dried seeds collected from the study sites (Fig. 1) . Samples of each population comprised 10 to 54 individuals (33 for L. longiflorum and 25 for L. formosanum in average). A single progeny individual from each maternal genotype was used.
Approximately 200mg of young fresh leaf samples was placed into cooled mortars and homogenized with a pestle i n 2 mL of the Tris-HCl grinding buffer (Soltis et al, 1983 ) with a sprinkle of PVPP and sea sand. Crude extracts were soaked up by paper wicks (11 x 3mm) and inserted into slit in a starch gel.
Horizontal starch gel electrophoresis was carried out by the procedures described by Wendel and Weeden (1989) . Two combinations of gel and electrode buffers were used to resolve 11 enzymes; aspartate aminotransferase, catarase, diaphorase, glucose-6-phosphate isomerase, glutamate dehydrogenase, and malic enzyme were resolved using System 6, and fluorescent esterase, isocitrate dehydrogenase, malate dehydrogenase, phosphoglucomutase, and phosphogluconate dehydrogenase were determined using System 2. Staining protocols followed Wendel and Weeden (1989) , except fluorescent esterase which used a modification by dilution of the substrate with one 20th volume of acetone.
Statistical Analysis
Allele frequencies in each population of the species were calculated for 13 loci encoding the 11 enzyme systems. The following parameters on genetic diversity were estimated at population and species level with a manner described by Hamrick and Godt (1990) : the proportion of polymorphic loci (P) at 95% criterion, the number of alleles per locus (A), expected heterozygosity (h), where h was an unbiased estimate (Nei, 1978; Nei and Roychoudhury, 1974) .
Unbiased genetic identity and genetic distance were calculated from allele frequencies in accordance with the formula of Nei (1978) . The resulting distance matrix among all populations of the two species and accession groups of related species was then used to construct a neighbor-joining tree (Saitou and Nei, 1987) using the NEIGHBOR program of PHYLIP (Felsenstein, 1993) .
RESULTS AND DISCUSSION
Isolation Mechanisms between the Two Species L. formosanum was often growing either on fields disturbed by human activities with relatively tall grasses, on bare cliff walls where landslides often occur, or on grassy highlands disturbed by strong winds above the forest limit. L. longiflorum was never found in these areas. It was found by the seacoasts where fields with relatively short grasses or less vegetative rock walls had developed. We never observed the two species growing together in the same place. Thus, habitat differentiation is likely to keep the isolation between the two species.
L. formosanum exhibit vigorous vegetative growth and an earlier change to the reproductive phase than L. longiflorum (Hiramatsu et al., 2000) . This growth habit suggests that L. formosanum is adapted to disturbed and competitive environments, whereas L. longiflorum is not. This partly explains the habitat isolation between the species. The reason why L. formosanum is not grown under the vegetation of L. longiflorum is, however, unresolved in our studies. For this point, Dubouzet and Shinoda (1999) hypothetically attributed differentiation of the two species to specific tolerance to alkaline soil in L. longiflorum.
Beside habitat isolation, differentiation of flowering time and unilateral cross incompatibility a lso seems to be additional major effects on limiting interspecific gene flow.
First, the earliest flowering of L. longiflorum began in March in the southern region of the archipelago, then flowering time gradually occurred up to early May along the population location northward across the archipelago. Most populations of L. formosanum flowered in July; though only one population located in southeastern region of the mainland Taiwan flowered in April. The two species, therefore, essentially possess a gap of flowering time restricting gene flow.
Second, seeds never set in interspecific crosses when L. longiflorum was used as a female parent. Reverse interspecific crosses were successful. Though the cross experiments were performed using only two populations of each species, this indicates that interspecific gene flow, if any, is limited only in one direction, from L. longiflorum to L. formosanum. Each isolation mechanism alone described above may not be able to completely inhibit interspecific gene flow. However, its combination is highly likely to extensively restrict the interspecific gene flow between L. longiflorum and L. formosanum under natural environments.
Allozyme Diversity and Origin of L. longiflorum
In general, insular endemic species tend to have lower genetic variability than the continental taxa (Frankham, 1997) . DeJoode and Wendel (1992) summarized allozyme variability of 55 insular endemic plant taxa, which in general, possessed relatively limited amounts of variability estimates at the species or infraspecific taxon with P = 25.0 (0.0-57.0), A = 1.32 (1.00-1.93) and h (HT) = 0.064 (0.000-0.195) as an average (range) across them. Compared with such reported taxa, L. longiflorum is an unusual insular species with extremely high allozyme variability (P = 100, A = 3.46, and h = 0.312) ( Table 1) . The values of L. longiflorum exceeded those averaged across the species in various ecological categories, which mainly comprised continental species, such as 111 monocotyledonous species (P = 59.2, A = 2.38 and h = 0.181), 81 endemic species (P = 40.0, A = 1.80 and h = 0.096) and 172 outcrossing animal pollinated species (P = 50.1, A = 1.99 and h = 0.167) (Hamrick and Godt, 1990) . Among Liliaceous species, allozyme variability in L. longiflorum is almost c omparable to the highest one reported in Hemerocallis hakuunensis, which is native to Korean peninsula (P = 83.0, A = 6.08 and h = 0.279) (Kang and Chung, 1997) . It is a bulbous plant with similar life history to L. longiflorum. Thus, allozyme variability of L. longiflorum is remarkably high as a single plant species.
Comparison in genetic identity value ( I) within a species also revealed that L. longiflorum is highly diverged as a single species. The minimum I value between populations within L. longiflorum (0.592), which was recorded between northern-(YA) and southernmost (LA) populations (Table 2) , has rarely been reported within the flowering plant species (Crawford, 1990 as a review). For example, extensive minimum I values have been reported within s elfing insular species, Bidens discoidea (0.688; Roberts, 1983) , between subspecies pairs of Lens culinaris (0.65; Pinkas, Zamir, and Ladizinsky, 1985) , and in Limnanthes floccosa (0.575; McNeill and Jain, 1983) .
Generally, among insular plants, the lower minimum I values have been barely recorded in very limited 'congeneric' or 'intergeneric' population pairs of the large complex of morphologically and ecologically highly radiating taxa; e.g., Alsinoideae in Hawaii (0.242; Weller, Sakai and Straub, 1996) , for silversword alliance in Hawaii (0.426; Witter and Carr, 1988) , for woody Sonchus alliance in Canary (0.490; Kim et al., 1999) and Robinsonia in Juan Fernandez (0.560; Crawford et al., 1992) . Unlike morphological and ecological phenotypes, protein molecules like allozyme are assumed to evolve much constantly because of their neutrality to natural selection, i.e., the neutral theory of molecular evolution (Kimura, 1983) . The fact that amount of allozyme divergence in L. longiflorum is close to that in the maximally radiating insular plant taxa indicates that they have experienced roughly the same time from their origin. Nevertheless, they show highly contrasted differences in phenotypic divergence.
A large number of reports for insular plants have been concerned with the taxa coupled highly radiating phenotypes with very little molecular divergence (Crawford, 1989 (Crawford, , 1990 Gemmill et al., 1998; Ito, 1998 as reviews). Opposite cases have been rare until the present study. Although it may be difficult to conclude the reason why such contrasted evolution occurs, it could be attributed to different environmental and ecological properties between oceanic and continental islands. Ecologically unoccupied diverse niches, which is one of major factors affecting radiating evolution, are expected to be rather little and small even at the birth of continental islands such as the Ryukyu Archipelago and Taiwan. Nei (1987) demonstrated an available method estimating divergence time from allozyme data, given certain assumptions about mutation rates and the operation of a molecular clock: time (t) = D/2a, where D is the standard genetic distance and a is the substitution rate per locus per year. Usually, a is assumed to be approximately 10 -7 per locus per year. Then, t may be calculated as (5 x 10 6 )D. Since the maximum D within L. longiflorum was 0.524, initiation of divergence is assumed to be 2.62 million years ago (MYA). As pointed by Nei (1987) , however, the value may sometimes be overestimated because the genetic distance tends to increase when the population experienced 'bottlenecks'. This is likely to occur under insular environments and for colonizing plants like L. longiflorum.
From the geological view, Kimura (1996) described that at the end of the Tertiary (1.7 to 2.0 MYA), the area around Ryukyu and Taiwan was a continuous coastal margin or peninsula in the East Asia. The archipelago had developed during the Pleistocene. It is, therefore, realistic to presume that L. longiflorum existed as early as around at the end of the Tertiary, which preceded the Quaternary dynamics generating the current Ryukyu to Taiwan arc. Extremely high allozyme variability and divergence in L. longiflorum presumably reflect the relict endemism with relatively longtime persistence of the present distribution in this species.
Allozyme Diversity and Origin of L. Formosanum
L. formosanum possessed a subset of L. longiflorum alleles for the 11 (85%) loci (data not shown), and exhibited less allozyme variability than L. longiflorum (76.9 vs. 100 for P, 2.46 vs. 3.46 for A and 0.142 vs. 0.312 for h at the species level) ( Table 1 ). The I values between populations within L. longiflorum ranged widely from 0.592 to 1.000 with the mean of 0.850; whereas, those within L. formosanum ranged from 0.946 to 0.997 with the mean of 0.977 (Table 2) . These data agree with previous data on progenitor-derivative species pairs (e.g., Gottlieb, 1973 Gottlieb, , 1974 Crawford, Ornduff, and Vasey, 1985; Rieseberg et al., 1987; Loveless and Hamrick, 1988; Pleasants and Wendel, 1989; Maki et al., 1999) . A high correlation between genetic and geographic distance among populations (r = 0.791; p < 0.001) was found. Thus, branches of a neighbor-joining tree were combined nearly in the geographic order, showing that the populations of L. formosanum was clustered with southernmost L. longiflorum populations in Taiwan. This result demonstrates that L. formosanum could be a recent local derivative from the southern peripheral populations of L. longiflorum.
Naturalized populations of L. formosanum are found by the vegetation dominated by relatively tall grasses with the wide geographical range in often disturbed inland areas of the mainlands of Japan. In contrast, L. longiflorum populations are never seen there. Sometimes they comprise t housands of individuals (Hiramatsu, personal observation) . In South Africa, L. formosanum is widely naturalized within the similar vegetation (Walters, 1983) . These facts imply that unlike L. longiflorum, L. formosanum can be distributed rapidly and widely if there is adaptable competitive and disturbed environments. Similar adaptable environment develops in adjacent regions such as the Ryukyu Archipelago and the Chinese continent. Native populations of L. formosanum, nevertheless, persist solely within Taiwan. Thus, it is assumed that L. formosanum have been prevented from the migration to adjacent regions by isolation of the mainland of Taiwan prior to the species initiation. Isolation of the mainland of Taiwan is assumed to be the late stage of the archipelago development as early as the last glaciation in the end of the Pleistocene (Kimura, 1996) . Examples in which initiating time of recently derivative species are assumed to be around the Pleistocene glaciation are reported for Cirsium pitcheri (Loveless and Hamrick, 1988) , Erythronium propullans (Pleasants and Wendel, 1989) , and Polygonella articulata and P. americana (Lewis and Crawford, 1995) .
Biogeographic structure of L. longiflorum involving insular historical events
Depauperation in allozyme variability for some populations was concordant with the maximum altitude of their islands; i.e., the populations that did not exhibit much allozyme variability as the adjacent island populations, namely, KI, OE, YR, MI and YO, were located on islands lower than 231m (Fig. 1) . Because the sea level was maximally 200m higher than at present, lower islands were submerged largely or completely, and then upheaved during the late Pleistocene (0.4 to 1.0 MYA) (Kimura, 1996) . The evidence leads to the assumption that t hose L. longiflorum populations had recently experienced very severe bottlenecks either by subsequent migration from relict populations on islands not highly submerged and with higher altitudes, or by diminishing population size. Similarly, another substantially genetically eroded population on the small but high volcanic island in southeast from the mainland of Taiwan (LA) seems to have experienced severe bottlenecks, although the initiating time of the island is not known. A similar geohistory-associated biogeographic hypothesis has been proposed in this archipelago to explain the mosaic distribution pattern of pit vipers ( Trimeresurus spp.), whether they are present or absent in each island (Takara, 1962) . However, none has demonstrated the evidence from population genetic diversity until the present study. 
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